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	 Background:	 Hyperhomocysteinemia (HHcy) and metabolic syndrome (MS) are established cardiovascular risk factors of 
stroke and are frequently associated with hypertension. However, studies on the association between HHcy 
combined with MS and stroke risk in hypertensive patients were absent.

	 Material/Methods:	 In 14 059 selected participants with elevated blood pressure, we assessed the prevalence of the MS and stroke. 
We defined HHcy as plasma total homocysteine >15 μmol/L. MS was defined according to the Chinese Diabetes 
Society (CDS) criterion. Multivariable analysis was used to examine the association of HHcy or (and) MS with 
stroke risk in different models.

	 Results:	 The prevalence rates of HHcy and MS were 49.96% and 42.21%, respectively. Patients with stroke had higher 
plasma total homocysteine levels and a higher prevalence of MS (P<0.001). Multivariable analyses indicated 
that HHcy and MS are independently associated with higher prevalence of stroke (adjusted-odds ratio (OR): 
1.36, 95% CI 1.17 to 1.58, P<0.001; adjusted-OR: 1.68, 95% CI 1.44 to 1.96, P<0.001, respectively). Those with 
combined HHcy and MS had higher odds of stroke than those with isolated HHcy or MS (adjusted-OR: 1.78, 
95% CI 1.47 to 2.15, P<0.001; adjusted-OR: 1.39, 95% CI 1.13 to 1.70, P=0.002, respectively).

	 Conclusions:	 HHcy combined with MS was associated with higher prevalence of stroke in Chinese adults with elevated blood 
pressure.
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Background

Globally, stroke is the second leading cause of death, and its 
prevalence in adults is 2.7% in the United States [1]. Stroke in 
Chinese adults has increased over the past 30 years, and the 
age-standardized prevalence, incidence, and mortality rates 
are 1114.8/100 000 people, 246.8, and 114.8/100 000 person-
years, respectively [2]. There are some modifiable risk factors 
in the prevention and treatment of stroke, including obesity, 
hypertension, type 2 diabetes mellitus (T2DM), dyslipidemia, 
and hyperhomocysteinemia (HHcy) [1-4].

Homocysteine is a sulfurated amino acid that is synthesized 
during the methionine metabolic cycle, and the pathogenic el-
evation of the plasma total homocysteine (tHcy) levels above 
10-15 μmol/L is defined as HHcy [3,4]. HHcy is an independent 
risk factor for cardiovascular diseases (CVD) such as hyperten-
sion, atherosclerosis, coronary heart disease (CHD), and stroke 
[5,6] via various pathways, including oxidative stress, endoplas-
mic reticulum (ER) stress, epigenetic modulation, and protein 
homocysteinylation [7]. The prevalence of hypertension in the 
Chinese adult population (³18 years of age) is 23.2% (about 
245 million) [8], and approximately 75% of Chinese patients 
with hypertension also have HHcy, which is associated with a 
higher risk of stroke [4].

Metabolic syndrome (MS), which is a global public health 
problem of great concern, is a cluster of clinical and metabol-
ic factors that significantly increase the risk for T2DM, CHD, 
and stroke [9]. The interrelated risk factors include central 
obesity, dyslipidemias, hypertension, hypercoagulable state, 
and insulin resistance (IR) [10]. According to the International 
Diabetes Federation (IDF) criteria, the prevalence of MS in 
the USA is 33-39%, with many being female, while the prev-
alence of MS in Europe varies widely among countries, rang-
ing from 18% to 30% [11,12]. The estimated prevalence of 
MS in China is 34.0% according to the revised ATP III crite-
ria and 26.9% by IDF criteria, which is higher in women and 
older adults [13].

HHcy and MS are both established risk factors of stroke and 
are frequently associated with hypertension. However, there 
are no published studies on the combined effect of HHcy and 
MS on stroke risk in hypertensive patients, a cohort at par-
ticularly high risk for stroke [1,2,14]. China bears the huge 
burden of hypertension and stroke [2]. In this study, we in-
vestigated the association of HHcy combined with MS with 
the prevalence of stroke in Chinese adults with elevated 
blood pressure.

Material and Methods

Study Population

The China H-type Hypertension Registry Study was a real-
world, multicenter, observational study, conducted in March 
2018 at Wuyuan, Jiangxi province of China. The enrolled pop-
ulation consisted of hypertensive patients aged 18 years and 
older. The exclusion criteria included psychological or ner-
vous system impairment resulting in an inability to provide in-
formed consent, unable to participate in long-term followed-
up according to the study protocol, or plans to relocate in the 
near future. The study was conducted in accordance with the 
Declaration of Helsinki, and the protocol was approved by 
the Ethics Committee of the Institute of Biomedicine, Anhui 
Medical University. Signed informed consent was obtained 
from all participants [15].

We assessed data on a total of 14 268 individuals. Elevated 
blood pressure was defined as the 130/85 mmHg threshold 
[16,17] or having been diagnosed with hypertension and previ-
ously started treatment. After excluding those without elevat-
ed blood pressure (n=10) or with missing value of blood lipids 
(n=7), 1 patient with maximum value of Hcy (182.92 μmol/L), 
and 191 patients with atrial fibrillation that could cause car-
diogenic stroke, 14 059 individuals were included in the anal-
ysis (Supplementary Figure 1).

Data Collection and Indexes Determination

Data on individuals’ general characteristics (age, sex, and smok-
ing and drinking status), past medical history (hypertension, 
diabetes, dyslipidemia, cerebral stroke [ischemic stroke or in-
tracerebral hemorrhage]), and medication usage were gath-
ered by professional researchers through a questionnaire sur-
vey. Atrial fibrillation was assessed by past medical history and 
electrocardiograms.

The anthropometric examinations included systolic blood 
pressure (SBP), diastolic blood pressure (DBP), body height, 
weight, height, waistline, and hipline. BP was measured, with 
the participant in a sitting position using the Omron HBP-1300 
Professional Portable Blood Pressure Monitor (Kyoto, Japan) on 
the right arm, which was supported at the heart level. After a 
5-min rest period, BP was measured 4 times, and SBP and DBP 
were calculated as the average of the last 3 readings. Waistline 
and hipline were measured using an inelastic measuring tape. 
Body mass index (BMI) was calculated as the weight in kilo-
grams divided by height in meters squared (kg/m2).

The levels of plasma tHcy, fasting blood glucose (FBG), total 
cholesterol (TC), total triglyceride (TG), high-density lipopro-
tein cholesterol (HDL-C), low-density lipoprotein cholesterol 
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(LDL-C), serum uric acid and creatinine, blood urea nitrogen 
(BUN), total and direct bilirubin, aspartate aminotransferase 
(AST), and alanine aminotransferase (ALT) were assessed us-
ing biochemical analysis instruments (Beckman Coulter). tHcy 
was quantified by high-performance liquid chromatography us-
ing a fluorescence detector [18]. All laboratory measurements 
were performed according to the criteria of a standardization 
and certification program. In our study, HHcy was defined as 
Hcy >15 μmol/L, in consideration of the fact that the ratio of 
tHcy levels £10 μmol/L was 1.16%. T2DM was defined as FBG 
levels over 7.0 mmol/L or on appropriate hypoglycemic med-
ication [17]. Dyslipidemia was defined as having 1 of the fol-
lowing features: elevated TG (³2.3 mmol/L), elevated TC (³6.2 
mmol/L), elevated LDL-C (³4.1 mmol/L), and reduced HDL-C 
(<1.0 mmol/L) or on appropriate lipid-lowering medication [19]. 
The Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation was used to evaluate estimated glomerular fil-
tration rate (eGFR) [20].

Definition of MS

Although the definition of MS is ambiguous, the most popular 
definition of MS consider ethnicity for assessing waistline, giv-
en differences in visceral adipose tissue [16,21]. In our study, 
MS was defined according to the Chinese Diabetes Society 
(CDS) criterion [17], as presence of at least 3 of the following 
5 criteria: abdominal obesity (waistline ³90 cm in adult male 
and 85 cm in adult female subjects), elevated blood pressure 
(SBP ³130 mmHg and/or DBP ³85 mmHg, or on treatment for 
diagnosed hypertension formerly), hyperglycemia (FBG ³6.1 
mmol/L, or on appropriate hypoglycemic medication), elevat-
ed TG (³1.7 mmol/L, or on appropriate lipid-lowering medi-
cation) and reduced HDL-C (<1.03 mmol/L in adult male and 
<1.30 mmol/L in adult female subjects, or on appropriate lip-
id-lowering medication). In addition, considering this distinc-
tion of sex-specific reduced HDL-C criterion at current popular 
international guidelines [16], we did not choose the threshold 
of <1.04 mmol/L for definition of reduced HDL-C according to 
the CDS criterion in our study [17].

Statistical Analysis

Continuous variables are presented as the mean±standard 
deviation or the median (IQR), as appropriate, and were com-
pared using the t test or the Mann-Whitney U test, depending 
on whether the quantitative data were consistent with nor-
mal distribution. Categorical variables are presented as count 
(percentage), and differences between groups were measured 
by the chi-square test.

Multivariable logistic regression analyses were used to exam-
ine the associations of tHcy or (and) MS with prevalence of 
stroke. Model I was only adjusted for age and sex. Model II 

(confounder model) screened covariates including age, sex, BMI, 
heart rate, smoking and drinking status, tHcy, AST, ALT, serum 
uric acid, eGFR, total and direct bilirubin, abdominal obesity, 
hyperglycemia, elevated TG, and reduced HDL-C, except for the 
independent variable itself. We selected these confounders on 
the basis of a more than 10% association with the outcomes 
of interest. Supplementary Table 1 show the associations of 
each confounder with stroke occurrence. We considered the 
confounder model to be the main model. In addition, the gen-
eralized additive model and smooth curve fitting (penalized 
spline method) were used to visually show the relationship 
between the subduplicate Hcy levels and stroke probability. In 
addition, subgroup analysis was executed by stratified and in-
teraction test to investigate the robustness in this association.

The R statistical package (Te R Foundation; http://www.R-proj-
ect.org, version 3.4.3) and Empower (R) software (www.em-
powerstats.com, version 2.2, X&Y Solutions, Inc. Boston, MA) 
were used for these statistical analyses. A two-tailed P <0.05 
was considered to be statistically significant.

Results

Clinical Characteristics

This study analyzed 14 059 adults with elevated blood pres-
sure (age: 63.76±9.35 years, range 27-96 years; male, 47.30%), 
and the prevalence rates of HHcy and MS were 49.96% and 
42.21%, respectively (Table 1). The participants with stroke 
were more likely to be older, male, smoker; had lower BMI, 
SBP, DBP, TC, TG, HDL-C, LDL-C, eGFR, and AST, had higher lev-
els of tHcy and serum creatinine, had a higher prevalence of 
current T2DM, elevated TG, reduced HDL-C, dyslipidemia, and 
MS, and had a lower prevalence of current abdominal obesi-
ty compared to those without stroke (P<0.05).

Associations Between Plasma tHcy Levels or MS and 
Cerebral Stroke

The multivariable analyses indicated that plasma tHcy level 
was positively associated with the prevalence of stroke (adjust-
ed odds ratio [OR] per SD increase: 1.08, 95% CI 1.02 to 1.14, 
P=0.010; Table 2). Compared to the group without HHcy, par-
ticipants with HHcy had a higher prevalence of stroke (adjust-
ed-OR: 1.36, 95% CI 1.17 to 1.58, P<0.001). Compared to tHcy 
concentrations £12.46 μmol/L, there were significantly higher 
prevalence rates of stroke in the third and highest tHcy quar-
tiles (adjusted-OR: 1.37, 95% CI 1.11 to 1.69, P=0.003; adjust-
ed-OR: 1.49, 95% CI 1.19 to 1.85, P <0.001, respectively; P for 
trend < 0.001). The generalized additive model and penalized 
spline method were used to find a positive relationship between 
the subduplicate tHcy levels and stroke probability (Figure 1).
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Characteristics
Total 

(n=14059)
non-Stroke 
(n=13099)

Stroke
(n=960)

P value

General characteristics

Age (years) 	 63.76±9.35 	 63.68±9.41 	 64.88±8.42 <0.001

Male, n (%) 	 6650	 (47.30%) 	 6094	 (46.52%) 	 556	 (57.92%) <0.001

BMI (kg/m2) 	 23.62±3.74 	 23.63±3.56 	 23.44±5.67 0.010

Waistline (cm) 	 83.85±9.85 	 83.86±9.85 	 83.73±9.84 0.719

WHR 	 0.91±0.16 	 0.91±0.16 	 0.91±0.08 0.354

SBP (mmHg) 	 148.39±17.85 	 148.63±17.73 	 145.08±19.16 <0.001

DBP (mmHg) 	 88.93±10.75 	 89.08±10.74 	 86.87±10.65 <0.001

Heart rate (times/min) 	 76.55±14.00 	 76.59±14.04 	 76.03±13.50 0.221

Smoking status, n (%) <0.001

	 Never 	 8143	 (57.93%) 	 7670	 (58.57%) 	 473	 (49.27%)

	 Former smoker 	 2275	 (16.19%) 	 2031	 (15.51%) 	 244	 (25.42%)

	 Current smoker 	 3638	 (25.88%) 	 3395	 (25.92%) 	 243	 (25.31%)

Drinking status, n (%) <0.001

	 Never 	 9088	 (64.66%) 	 8467	 (64.65%) 	 621	 (64.75%)

	 Former drinker 	 1913	 (13.61%) 	 1684	 (12.86%) 	 229	 (23.88%)

	 Current drinker 	 3054	 (21.73%) 	 2945	 (22.49%) 	 109	 (11.37%)

Blood biochemical tests

tHcy (μmol/L) 	 14.99	 (12.46-19.11) 	 14.90	 (12.42-18.93) 	 16.63	 (13.33-21.31) <0.001

FBG (mmol/L) 	 6.18±1.61 	 6.19±1.62 	 6.15±1.53 0.410

TC (mmol/L) 	 5.16±1.12 	 5.18±1.11 	 4.88±1.22 <0.001

TG (mmol/L) 	 1.47	 (1.04-2.16) 	 1.47	 (1.04-2.17) 	 1.41	 (1.03-2.03) 0.013

HDL-C (mmol/L) 	 1.57±0.43 	 1.58±0.43 	 1.47±0.39 <0.001

LDL-C (mmol/L) 	 2.98±0.81 	 3.00±0.81 	 2.81±0.90 <0.001

Serum uric acid (μmol/L) 6418.62±120.57 	 418.35±120.66 	 422.29±119.40 0.297

Serum creatinine (mmol/L) 	 66.00	 (54.00-81.00) 	 65.00	 (54.00-81.00) 	 72.00	 (58.00-89.00) <0.001

BUN (mmol/L) 	 5.45±1.81 	 5.45±1.79 	 5.50±2.06 0.481

eGFR (ml/min) 	 88.26±20.23 	 88.63±20.11 	 83.27±21.07 <0.001

Total bilirubin (mmol/L) 	 13.30	(10.20-17.40) 	 13.30	(10.20-17.40) 	 13.00	(9.90-17.10) 0.083

Direct bilirubin (mmol/L) 	 5.10	(4.10-6.50) 	 5.10	(4.10-6.50) 	 5.20	(4.00-6.50) 0.929

AST (U/L) 	 24.00	(20.00-30.00) 	 24.00	(20.00-30.00) 	 23.00	(20.00-28.00) <0.001

ALT (U/L) 	 17.00	(12.00-24.00) 	 17.00	(12.00-24.00) 	 16.00	(12.00-23.00) 0.088

Table 1. Clinical characteristics of participants grouped by stroke.
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Similarly, the multivariable analyses also showed that, com-
pared to the group without MS, participants with MS had a 
higher prevalence of stroke (adjusted-OR: 1.68, 95% CI 1.44 
to 1.96, P<0.001; Table 2). When the group with only 1 com-
ponent (hypertension) of MS was used as the reference, a 
statistically significant higher prevalence of stroke was found 
in the group with 3, 4 or 5 components of MS (adjusted-OR: 
1.74, 95% CI 1.41 to 2.13, P<0.001; adjusted-OR: 1.99, 95% CI 
1.56 to 2.54, P<0.001; adjusted-OR: 2.60, 95% CI 1.84 to 3.67, 
P<0.001, respectively; P for trend <0.001; Table 2).

Association Between HHcy Combined with MS and Stroke 
Risk in Hypertensive Patients

Clinical characteristics of participants grouped by HHcy and 
MS are presented in Supplementary Table 2. Compared to the 

control group, the prevalence of stroke was markedly increased 
in the isolated HHcy group, isolated MS group, and combined 
HHcy and MS group (adjusted-OR: 1.32, 95% CI 1.07 to 1.62, 
P=0.008; adjusted-OR: 1.78, 95% CI 1.41 to 2.23, P<0.001; ad-
justed-OR: 2.46, 95% CI 1.97 to 3.08, P <0.001, respectively; 
P for trend <0.001; Supplementary Table 3). Individuals with 
both HHcy and MS had increased odds of stroke than those 
with only HHcy or only MS (adjusted-OR: 1.78, 95% CI 1.47 to 
2.15, P<0.001; adjusted-OR: 1.39, 95% CI 1.13 to 1.70, P=0.002, 
respectively; Table 3).

Subgroup Analyses by Potential Effect Modifiers

To explore whether the association between HHcy combined 
with MS and stroke risk in hypertensive patients was still sta-
ble, we conducted subgroup analyses, which suggested that 

Table 1 continued. Clinical characteristics of participants grouped by stroke.

Characteristics
Total 

(n=14059)
non-Stroke 
(n=13099)

Stroke
(n=960)

P value

Medication usage

Antihypertensive agents, n (%) 	 9080	(64.60%) 	 8291	(63.31%) 	 789	(82.19%) <0.001

Hypoglycemic agents, n (%) 	 740	(5.26%) 	 653	(4.99%) 	 87	(9.06%) <0.001

Lipid-lowering agents, n (%) 	 491	(3.49%) 	 331	(2.53%) 	 160	(16.67%) <0.001

Antiplatelet agents, n (%) 	 527	(3.75%) 	 314	(2.40%) 	 213	(22.19%) <0.001

Current diseases

Abdominal obesity, n (%) 	 5221	(37.14%) 	 4902	(37.42%) 	 319	(33.23%) 0.009

Hyperglycemia, n (%) 	 5226	(37.17%) 	 4865	(37.14%) 	 361	(37.60%) 0.774

T2DM, n (%) 	 2569	(18.27%) 	 2361	(18.02%) 	 208	(21.67%) 0.005

Dyslipidemia, n (%) 	 5293	(37.65%) 	 4873	(37.20%) 	 420	(43.75%) <0.001

Elevated TG, n (%) 	 5835	(41.50%) 	 5379	(41.06%) 	 456	(47.50%) <0.001

Reduced HDL-C, n (%) 	 2720	(19.35%) 	 2414	(18.43%) 	 306	(31.87%) <0.001

MS, n (%) 	 5934	(42.21%) 	 5464	(41.71%) 	 470	(48.96%) <0.001

No. of MS components <0.001

	 One 	 4052	(28.82%) 	 3796	(28.98%) 	 256	(26.67%)

	 Two 	 4073	(28.97%) 	 3839	(29.31%) 	 234	(24.38%)

	 Three 	 3413	(24.28%) 	 3156	(24.09%) 	 257	(26.77%)

	 Four 	 1983	(14.10%) 	 1825	(13.93%) 	 158	(16.46%)

	 Five 	 538	(3.83%) 	 483	(3.69%) 	 55	(5.73%)

HHcy – hyperhomocysteinemia; MS – metabolic syndrome; BMI – body mass index; WHR – waist-hip ratio; SBP – systolic blood 
pressure; DBP – diastolic blood pressure; tHcy – total homocysteine; FBG – fasting blood glucose; TC – total cholesterol; TG – total 
triglyceride; HDL-C – high-density lipoprotein cholesterol; LDL-C – low-density lipoprotein cholesterol; BUN – blood urea nitrogen; eGFR 
– estimated glomerular filtration rate; AST – aspartate aminotransferase; ALT – alanine aminotransferase; T2DM – type 2 diabetes 
mellitus.
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there were no interactions in any of the subgroups, including 
age (<60 vs ³60 years), sex (male vs female), smoking habit 
(no vs yes), drinking habit (no vs yes), BMI (£24 vs >24 kg/m2), 
and eGFR (³60 vs <60 ml/min) (all P for interaction >0.05; 
Supplementary Figure 2).

Discussion

The findings of this research demonstrate that HHcy and MS 
are independently and positively associated with the preva-
lence of cerebral stroke in Chinese adults with elevated blood 
pressure. Homocysteine is a non-essential, possibly cytotoxic 
amino acid and HHcy caused by its metabolic imbalance is an 

Variables Event, n (%)
Crude Model Model I Model II

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

tHcy (μmol/L)

	 Per SD increase 	 960	 (6.83%) 	1.18	(1.12, 1.23) <0.001 	1.13	(1.07, 1.19) <0.001 	1.08	(1.02, 1.14) 0.010a

tHcy (μmol/L)

	 <15 	 367	 (5.22%) Ref Ref Ref

	 ³15 	 593	 (8.44%) 	1.68	(1.46, 1.92) <0.001 	1.48	(1.28, 1.71) <0.001 	1.36	(1.17, 1.58) <0.001a

tHCY tertile (μmol/L)

	 T1 [5.88, 13.23] 	 231	 (4.93%) Ref Ref Ref

	 T2 [13.24, 17.37] 	 307	 (6.54%) 	1.35	(1.13, 1.61) <0.001 	1.24	(1.04, 1.49) 0.017 	1.28	(1.06, 1.53) 0.009b

	 T3 [17.38, 134.50] 	 422	 (9.00%) 	1.91	(1.62, 2.25) <0.001 	1.62	(1.36, 1.94) <0.001 	1.49	(1.23, 1.81) <0.001b

tHcy quartile (μmol/L)

	 Q1 [5.88, 12.46] 	 176	 (5.02%) Ref Ref Ref

	 Q2 [12.47, 15.00] 	 191	 (5.41%) 	1.08	(0.88, 1.34) 0.459 	1.01	(0.82, 1.25) 0.922 	1.04	(0.84, 1.29) 0.709c

	 Q3 [15.01, 19.11] 	 268	 (7.60%) 	1.56	(1.28, 1.89) <0.001 	1.38	(1.13, 1.69) 0.002 	1.37	(1.11, 1.69) 0.003c

	 Q4 [19.12, 134.50] 	 326	 (9.27%) 	1.93	(1.60, 2.34) <0.001 	1.61	(1.31, 1.97) <0.001 	1.49	(1.19, 1.85) <0.001c

P for trend <0.001 <0.001 <0.001

MS

	 No 	 490	 (6.03%) Ref Ref Ref

	 Yes 	 470	 (7.92%) 	1.34	(1.18, 1.53) <0.001 	1.58	(1.38, 1.81) <0.001 	1.68	(1.44, 1.96) <0.001d

No. of MS components

	 One 	 256	 (6.32%) Ref Ref Ref

	 Two 	 234	 (5.75%) 	0.90	(0.75, 1.09) 0.278 	1.01	(0.84, 1.21) 0.935 	1.09	(0.90, 1.32) 0.394e

	 Three 	 257	 (7.53%) 	1.21	(1.01, 1.44) 0.039 	1.47	(1.22, 1.77) <0.001 	1.74	(1.41, 2.13) <0.001e

	 Four 	 158	 (7.97%) 	1.28	(1.04, 1.58) 0.018 	1.64	(1.32, 2.03) <0.001 	1.99	(1.56, 2.54) <0.001e

	 Five 	 55	 (10.22%) 	1.69	(1.24, 2.29) <0.001 	2.22	(1.62, 3.04) <0.001 	2.60	(1.84, 3.67) <0.001e

P for trend <0.001 <0.001 <0.001

Table 2. Relationship between plasma tHcy levels or MS and the prevalence of stroke in different models.

tHcy – total homocysteine; MS – metabolic syndrome; Ref – reference; OR – odds ratio; CI – confidence interval; SD – standard 
deviation. Model I adjusted for age and sex. Model II: a adjusted for sex, smoking and drinking status, eGFR, reduced HDL-C and 
abdominal obesity. b adjusted for a + serum uric acid. c adjusted for b + age and elevated TG. d adjusted for age, sex, BMI, smoking and 
drinking status, eGFR and tHcy. e adjusted for d + heart rate and serum uric acid.
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independent risk factor for various vascular diseases [7,14], 
especially stroke [5,6,22,23]. Many possible mechanisms link-
ing HHcy with atherogenesis have been suggested, includ-
ing pro-thrombotic and pro-inflammatory effects, endothe-
lial dysfunction, and smooth muscle cell proliferation [24]. 
Celermajer et al [25] found that HHcy was associated with 
impaired endothelial function of systemic arteries and de-
creased nitric oxide bioavailability in hyperhomocystinuria 
children. Cheng et al [26] found that HHcy impaired endothe-
lium-dependent micro-vasculature relaxation to acetylcholine 
in mouse small mesenteric artery via oxidation of SKCa/IKCa. 
Intermediate HHcy potentiated diabetes impaired endothelium-
derived hyperpolarizing factor (EDHF)-induced microvascula-
ture relaxation via hydrogen sulfide (H2S)-downregulation and 
IKCa tyrosine nitration in T2DM/HHcy mice [27]. Recent research 
showed HHcy can cause mitochondrial dysfunction and sys-
temic tissue damage, mostly by inhibiting mitochondrial com-
plex I gene expression, which leads to impaired electron trans-
fer, complex assembly, and redox homeostasis dysregulation in 

human disease and experimental models [28]. Therefore, we 
speculate that HHcy can cause intracranial vascular endothe-
lial dysfunction and tissue damage through oxidative stress 
and mitochondrial dysfunction, which can lead to a stroke.

MS is associated with significantly higher risk of CVD such as 
CHD, stroke, and peripheral arterial diseases [9,16]. Similar to 
previous reports, we also found that the participants with MS 
were inclined to be female (non-MS vs MS: 45.2% vs 63.0%) 
and above the age of 50 years due to disappearance of es-
trogen protection after menopause [13,29], and had a higher 
prevalence of formerly cerebral stroke and current T2DM [9] 
(Supplementaty Table 1). Moreover, MS is independently as-
sociated with higher prevalence of stroke.

The molecular mechanisms underlying IR, MS, and CVD are 
intricate and confusing. IR is triggered by cellular inflamma-
tion, lipotoxicity, mitochondrial dysfunction, and endoplas-
mic stress, which lead to insulin signal transduction disorder, 
dysregulation of genes, and modifications of regulatory pro-
teins [16]. Central obesity, with disturbances in lipid metabo-
lism with deposition of fat in the waist and internal organs, is 
also linked to IR and CVD [30]. Dyslipidemia characterized by 
elevated TG and lowered HDL-C increased the risk for CVD in 
obese children with MS [31,32]. Vascular IR is a potential link 
between metabolic and CVD. In IR, the effect of insulin on en-
dothelial cells is minimized with reduced nitric oxide produc-
tion, making endothelial cells more susceptible to oxidized 
lipid-induced injury and atherogenesis [33]. In patients with 
IR, the process of lipolysis within adipose tissue is accelerat-
ed, resulting in increased free fatty acid release into the por-
tal circulation. Moreover, macrophage infiltration and polar-
ization (increased ratio of M1 to M2) of adipose tissue, altered 
immune response, and imbalance in the synthesis of pro- and 
anti-inflammatory cytokines affect the activity of insulin in the 
liver and muscles [34,35].

Previous study has found that patients with MS and HHcy or 
smoking are at particularly high cardiovascular risk compared 
with those with MS but with normal tHcy levels [36]. There was 
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Figure 1. �Smooth curve of correlation between the subduplicate 
tHcy levels and stroke probability. Smooth curve 
adjusted for sex, smoking and drinking status, 
eGFR, T2DM, and MS. tHcy – total homocysteine. 
EmpowerStats software (version 2.2, X&Y Solutions, 
Inc) was used to create the figure.

Variables
Crude Model Model I Model II

OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Isolated HHcy Ref Ref Ref

HHcy+MS 1.36 (1.15, 1.61) <0.001 1.57 (1.32, 1.87) <0.001 1.78 (1.47, 2.15) <0.001

Isolated MS Ref Ref Ref

HHcy+MS 1.68 (1.39, 2.03) <0.001 1.47 (1.21, 1.78) <0.001 1.39 (1.13, 1.70) 0.002

Table 3. Effect size of combined HHcy and MS on the prevalence of stroke in different models compared to its isolated forms.

HHcy – hyperhomocysteinemia; MS – metabolic syndrome; Ref – reference; OR – odds ratio; CI – confidence interval. 
Model I adjusted for age and sex. Model II adjusted for sex, BMI, smoking and drinking status, eGFR and serum uric acid.
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an interaction reported between HHcy and MS in individuals at 
risk for atherosclerosis [36]. In our research, those individuals 
with combined HHcy and MS had higher odds of stroke than 
those with only HHcy or only MS in Chinese adults with elevat-
ed blood pressure, thus showing an association between HHcy 
combined with MS and stroke risk in hypertensive patients.

Targeted stroke prevention should include healthy lifestyle im-
provement and treatment of MS and HHcy in an individualized 
and comprehensive way [37]. Among Chinese hypertensive 
adults without a history of CVD but with low baseline folate 
levels, folic acid supplementation significantly reduced the risk 
of first stroke [38], and elevated total cholesterol levels modi-
fied this benefit [39]. The reduction of stroke was proportional 
to the reduction of tHcy [40], and the reduction of stroke was 
greater in participants with HHcy [41] or elevated LDL-C [39]. 
Notably, folic acid therapy was beneficial among those with im-
paired renal function [42]. Although B vitamin therapy might 
reduce the stroke risk, this benefit might have been obscured 
in early trials by increased risk of CVD in participants with renal 
failure receiving high-dose cyanocobalamin [43]. In countries 
where folate fortification is in place, vitamin B12 deficiency is 
the main nutritional determinant of HHcy [44,45]. The potential 
benefits of methylcobalamin supplementation with folic acid 
therapy to lower plasma tHcy levels in populations at high risk 
of stroke warrant further investigation [43].

However, in the Insulin Resistance Intervention after Stroke 
(IRIS) randomized clinical trial, pioglitazone reduced new-onset 
diabetes by half and reduced stroke or myocardial infarction 
by 24% over 5 years among patients with IR [46], particular-
ly in those with good adherence [47]. Pioglitazone also signif-
icantly lowered BP and TG and raised HDL-C, indicated that 
the benefits from this drug outweigh the risks of fracture and 
fluid retention [47]. Therefore, treatment with pioglitazone in 
patients with MS needs to be reconsidered given the large ef-
fects of pioglitazone in prediabetes [48].

This study had several limitations. The hypertensive popula-
tion at Wuyuan had relatively higher and wider tHcy concen-
trations (median: 14.99 μmol/L), which may have led to dif-
ferences in odds ratios of tHcy on the prevalence of stroke 
compared to other studies [49,50]. Additionally, we cannot 
draw any causal relationship between HHcy, MS, and stroke 
considering the cross-sectional design. Moreover, the subtype 
of stroke was not exactly classified due to the lack of imag-
ing evidence originally. Finally, we did not measure the levels 
of glycated hemoglobin and insulin, which could have better 
evaluated the glycometabolism of our hypertensive patients.

Conclusions

HHcy and MS are independently associated with higher prev-
alence of stroke in Chinese adults with elevated blood pres-
sure. Those with combined HHcy and MS had increased odds 
of stroke than those with only HHcy or only MS. We found an 
association between HHcy combined with MS and stroke risk 
in hypertensive patients.
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Supplementary Materials

14,268
participants

14,059
participants

HHcy (n=7024)
Non-HHcy (n=7035)

Stroke (n=690)
Non-stroke (n=13099)

MS (n=5934)
Non-MS (n=8125)

HHcy?

Excluded
Without elevated blood pressure (n=10);
Missing value of blood lipids (n=7);
One patient with maximum value of tHcy
   (182.92 µmol/L);
Without atrial �brillation (n=191)

HHcy?

MS?

Supplementary �Figure 1. Data flow chart of 
participants in our analysis. 
tHcy – total homocysteine; 
HHcy – hyperhomocysteinemia; 
MS – metabolic syndrome. 
EmpowerStats software (version 
2.2, X&Y Solutions, Inc) was 
used to create the figure.

Covariates OR (95% CI) P value

Age (years) 1.01 (1.01, 1.02) <0.001

Sex

	 Male Ref

	 Female 0.63 (0.55, 0.72) <0.001

BMI (kg/m2) 0.99 (0.97, 1.00) 0.124

Heart rate (times/min) 1.00 (0.99, 1.00) 0.227

Smoking status, n (%)

	 Never Ref

	 Former smoker 1.95 (1.66, 2.29) <0.001

	 Current smoker 1.16 (0.99, 1.36) 0.068

Drinking status, n (%)

	 Never Ref

	 Former drinker 1.85 (1.58, 2.18) <0.001

	 Current drinker 0.50 (0.41, 0.62) <0.001

tHcy (μmol/L) 1.01 (1.01, 1.02) <0.001

Serum uric acid (mmol/L) 1.00 (1.00, 1.00) 0.329

Supplementary Table 1. Associations of covariates with stroke occurrence.

Covariates OR (95% CI) P value

eGFR (ml/min) 0.99 (0.99, 0.99) <0.001

Total bilirubin (mmol/L) 0.99 (0.98, 1.00) 0.255

Direct bilirubin (mmol/L) 1.00 (0.98, 1.03) 0.900

AST (U/L) 1.00 (1.00, 1.00) 0.372

ALT (U/L) 1.00 (1.00, 1.01) 0.183

Abdominal obesity, n (%)

	 No Ref 0.010

	 Yes 0.83 (0.72, 0.96)

Hyperglycemia, n (%)

	 No Ref

	 Yes 1.02 (0.89, 1.17) 0.774

Elevated TG, n (%)

	 No Ref

	 Yes 1.30 (1.14, 1.48) <0.001

Reduced HDL-C, n (%)

	 No Ref

	 Yes 2.07 (1.80, 2.39) <0.001

BMI – body mass index; tHcy – total homocysteine; TC – total cholesterol; HDL-C – high-density lipoprotein cholesterol; 
eGFR – estimated glomerular filtration rate; AST – aspartate aminotransferase; ALT – alanine aminotransferase; T2DM – type 2 
diabetes mellitus; Ref – reference; OR – odds ratio; CI – confidence interval. Values are regression coefficients [OR (95% CI)] from 
univariate regression models and reflect differences in stroke occur per unit change of each covariate and for different categories of 
each covariate as compared to the reference group.
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Characteristics
Control 

(n=3910)
Isolated HHcy 

(n=4215)
Isolated MS 
(n=3125)

HHcy and MS 
(n=2809)

P value

General characteristics

Age (years) 	 62.62±8.95 	 67.29±9.20 	 60.22±8.49 	 64.00±9.18 <0.001

Male, n (%) 	 1619	(41.41%) 	 2837	(67.31%) 	 886	(28.35%) 	 1308	(46.56%) <0.001

BMI (kg/m2) 	 22.56±3.23 	 21.99±3.74 	 25.66±3.24 	 25.25±3.18 <0.001

Waistline (cm) 	 79.88±8.55 	 79.58±8.40 	 89.44±8.37 	 89.56±9.12 <0.001

WHR 	 0.89±0.07 	 0.89±0.26 	 0.94±0.06 	 0.95±0.08 <0.001

SBP (mmHg) 	 148.15±16.82 	 148.47±18.86 	 148.46±17.03 	 148.52±18.56 0.999

DBP (mmHg) 	 88.86±10.33 	 87.81±11.21 	 90.36±10.12 	 89.11±11.08 <0.001

Heart rate (times/min) 	 74.76±13.82 	 75.18±14.07 	 78.41±13.00 	 79.05±14.60 <0.001

Smoking status, n (%) <0.001

	 Never 	 2470	(63.17%) 	 1740	(41.29%) 	 2273	(72.76%) 	 1660	(59.12%)

	 Former smoker 	 512	(13.09%) 	 928	(22.02%) 	 348	(11.14%) 	 487	(17.34%)

	 Current smoker 	 928	(23.73%) 	 1546	(36.69%) 	 503	(16.10%) 	 661	(23.54%)

Drinking status, n (%) <0.001

	 Never 	 2549	(65.19%) 	 2315	(54.95%) 	 2340	(74.90%) 	 1884	(67.09%)

	 Former drinker 	 460	(11.76%) 	 751	(17.83%) 	 317	(10.15%) 	 385	(13.71%)

	 Current drinker 	 901	(23.04%) 	 1147	(27.23%) 	 467	(14.95%) 	 539	(19.20%)

Blood biochemical tests

tHcy (μmol/L) 	 12.55	(11.35-13.69) 	 19.33	(16.77-24.35) 	 12.37	(11.20-13.56) 	 18.75	(16.51-23.26) <0.001

FBG (mmol/L) 	 5.70±1.00 	 5.76±1.06 	 6.78±2.06 	 6.82±1.95 <0.001

TC (mmol/L) 	 5.06±0.98 	 5.06±1.02 	 5.22±1.20 	 5.37±1.30 <0.001

TG (mmol/L) 	 1.18	(0.90-1.52) 	 1.15	(0.89-1.47) 	 2.17	(1.70-2.93) 	 2.16	(1.71-2.97) <0.001

HDL-C (mmol/L) 	 1.68±0.40 	 1.69±0.44 	 1.39±0.36 	 1.43±0.41 <0.001

LDL-C (mmol/L) 	 2.84±0.72 	 2.87±0.76 	 3.11±0.85 	 3.22±0.91 <0.001

Serum uric acid (μmol/L) 	 371.34±102.59 	 441.38±121.07 	 402.35±108.85 	 468.37±127.64 <0.001

Serum creatinine (mmol/L) 	 59.00	(49.00-70.00) 	 76.00	(63.00-94.00) 	 58.00	(49.00-69.00) 	 75.00	(61.00-92.00) <0.001

BUN (mmol/L) 	 5.27±1.44 	 5.88±2.13 	 4.97±1.38 	 5.60±1.98 <0.001

eGFR (ml/min) 	 96.34±14.33 	 80.17±21.43 	 96.50±15.10 	 80.00±22.05 <0.001

Total bilirubin (mmol/L) 	 12.80	(9.90-16.40) 	 13.70	(10.60-18.10) 	 12.90	(9.80-16.80) 	 13.80	(10.60-18.00) <0.001

Direct bilirubin (mmol/L) 	 5.00	(4.00-6.30) 	 5.40	(4.30-7.00) 	 4.80	(3.80-6.10) 	 5.20	(4.10-6.60) <0.001

AST (U/L) 	 23.00	(20.00-28.00) 	 25.00	(21.00-30.00) 	 24.00	(20.00-30.00) 	 25.00	(20.00-31.00) <0.001

ALT (U/L) 	 15.00	(12.00-21.00) 	 15.00	(11.00-21.00) 	 20.00	(14.00-28.00) 	 19.00	(14.00-28.00) <0.001

Past medical history

Cerebral stroke, n (%) 	 175	(4.48%) 	 315	(7.47%) 	 192	(6.14%) 	 278	(9.90%) <0.001

Supplementary Table 2. Clinical characteristics of participants grouped by HHcy and MS.
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Supplementary Table 2 continued. Clinical characteristics of participants grouped by HHcy and MS.

Characteristics
Control 

(n=3910)
Isolated HHcy 

(n=4215)
Isolated MS 
(n=3125)

HHcy and MS 
(n=2809)

P value

Antihypertensive agents, n 
(%)

	 2269	(58.03%) 	 2783	(66.04%) 	 2028	(64.92%) 	 2000	(71.23%) <0.001

Hypoglycemic agents, n (%) 	 71	(1.82%) 	 66	(1.57%) 	 319	(10.21%) 	 284	(10.11%) <0.001

Lipid-lowering agents, n (%) 	 0	(0.00%) 	 0	(0.00%) 	 241	(7.71%) 	 250	(8.90%) <0.001

Antiplatelet agents, n (%) 	 56	(1.43%) 	 113	(2.68%) 	 168	(5.38%) 	 190	(6.76%) <0.001

Current diseases

Abdominal obesity, n (%) 	 637	(16.29%) 	 511	(12.12%) 	 2205	(70.56%) 	 1868	(66.50%) <0.001

Hyperglycemia, n (%) 	 651	(16.65%) 	 849	(20.14%) 	 1864	(59.65%) 	 1862	(66.29%) <0.001

T2DM, n (%) 	 256	(6.55%) 	 302	(7.16%) 	 1013	(32.42%) 	 998	(35.53%) <0.001

Dyslipidemia, n (%) 	 651	(16.65%) 	 849	(20.14%) 	 1864	(59.65%) 	 1862	(66.29%) <0.001

Elevated TG, n (%) 	 548	(14.02%) 	 532	(12.62%) 	 2481	(79.39%) 	 2274	(80.95%) <0.001

Reduced HDL-C, n (%) 	 175	(4.48%) 	 171	(4.06%) 	 1333	(42.66%) 	 1041	(37.06%) <0.001

HHcy – hyperhomocysteinemia; MS – metabolic syndrome; BMI – body mass index; WHR – waist-hip ratio; SBP – systolic blood 
pressure; DBP – diastolic blood pressure; tHcy – total homocysteine; FBG – fasting blood glucose; TC – total cholesterol; TG – total 
triglyceride; HDL-C – high-density lipoprotein cholesterol; LDL-C – low-density lipoprotein cholesterol; BUN – blood urea nitrogen; eGFR 
– estimated glomerular filtration rate; AST – aspartate aminotransferase; ALT – alanine aminotransferase; T2DM – type 2 diabetes 
mellitus.

Variables Event, n (%)
Crude Model Model I Model II

OR (95% CI) P-value OR (95% CI) P-value OR (95% CI) P-value

Control 175 (4.48%) Ref Ref Ref

Isolated HHcy 315 (7.47%) 1.72 (1.43, 2.08) <0.001 1.44 (1.19, 1.76) <0.001 1.32 (1.07, 1.62) 0.008

Isolated MS 192 (6.14%) 1.40 (1.13, 1.72) 0.002 1.54 (1.25, 1.91) <0.001 1.78 (1.41, 2.23) <0.001

HHcy+MS 278 (9.90%) 2.34 (1.93, 2.85) <0.001 2.26 (1.86, 2.75) <0.001 2.46 (1.97, 3.08) <0.001

P for trend <0.001 <0.001 <0.001

Supplementary Table 3. Effect size of HHcy and MS on cerebral stroke in different models.

HHcy – hyperhomocysteinemia; MS – metabolic syndrome; Ref – reference; OR – odds ratio; CI – confidence interval. 
Model I adjusted for age and sex. Model II adjusted for sex, BMI, smoking and drinking status, eGFR, and serum uric acid.
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Subgroup Events, n(%)

Control
HHcy
MS
HHcy+Ms
Control
HHcy
MS
HHcy+Ms

Age (years)
<60

≥60

49
54
59
66

126
261
133
212

(3.72%)
(7.02%)
(4.22%)
(8.18%)
(4.86%)
(7.57%)
(7.17%)

(10.59%)

OR (95% CI)

1.51
1.59
2.68

Ref
(0.99, 2.29)
(1.05, 2.39)
(1.76, 4.09)

1.28
1.83
2.20

Ref
(1.01, 1.62)
(1.40, 2.39)
(1.70, 8.85)

1.21
1.26
2.09

Ref
(0.94, 1.57)
(0.89, 1.79)
(1.55, 2.80)

1.45
2.10
2.72

Ref
(1.03, 2.04)
(1.55, 2.85)
(1.95, 3.79)

1.44
1.74
2.10

Ref
(1.07, 1.95)
(1.31, 2.32)
(1.55, 2.83)

1.23
1.55
2.60

Ref
(0.92, 1.63)
(1.07, 2.24)
(1.88, 3.58)

1.41
1.77
2.57

Ref
(1.09, 1.82)
(1.35, 2.32)
(1.97, 3.36)

1.29
1.70
2.18

Ref
(0.93, 1.80)
(1.15, 2.52)
(1.51, 3.13)

1.29
1.88
2.47

Ref
(1.02, 1.64)
(1.38, 2.54)
(1.86, 3.27)

1.38
1.55
2.22

Ref
(0.91, 2.08)
(1.09, 2.22)
(1.55, 3.19)

1.39
1.68
2.43

Ref
(1.13, 1.72)
(1.34, 2.11)
(1.94, 3.05)

1.57
1.86
3.02

Ref
(0.54, 4.51)
(0.47, 7.44)
(1.04, 8.77)

1.17
1.83
2.32

Ref
(0.89, 1.54)
(1.39, 2.41)
(1.04, 8.77)

1.38
1.33
2.28

Ref
(0.99, 1.90)
(0.90, 1.96)
(1.63, 3.19)

Intercative P

0.475

0.188

0.194

0.898

0.703

0.968

0.219

P-value

0.054
0.027

<0.001

0.040
<0.001
<0.001

0.143
0.195

<0.001

0.032
<0.001
<0.001

0.016
<0.001
<0.001

0.160
0.020

<0.001

0.010
<0.001
<0.001

0.035
<0.001
<0.001

0.132
0.008

<0.001

0.125
0.016

<0.001

0.002
<0.001
<0.001

0.405
0.378
0.043

0.260
<0.001
<0.001

0.054
0.151

<0.001

Control
HHcy
MS
HHcy+Ms
Control
HHcy
MS
HHcy+Ms

Sex
Male

Female
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Supplementary Figure 2. �Effect size of HHcy and MS on stroke in prespecified and exploratory subgroups. Ref – reference; OR – odds 
ratio; CI – confidence interval, MS – metabolic syndrome; HHcy – hyperhomocysteinemia; BMI – body 
mass index; eGFR – estimated glomerular filtration rate; UA – serum uric acid (mmol/L). Each stratification 
adjusted for age, sex, BMI, smoking and drinking status eGFR, and serum uric acid except the subgroup 
variable. EmpowerStats software (version 2.2, X&Y Solutions, Inc) was used to create the figure.
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